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Abstract—Microsensors and actuators suitable for macrofluidic
control have been designed, fabricated, tested, and optimized over
the span of the last decade. MEMS-based shear stress sensor ar-
rays using polysilicon hot filaments have been fabricated on both
rigid (silicon) and flexible (parylene) substrate for application on
all types of fluid dynamic and aerodynamic surfaces. In addition,
MEMS bubble flap-type pneumatic actuators have been tested and
used in turbulent boundary layer drag reduction in conjunction
with the rigid MEMS shear stress sensor arrays acting as high-
speed shear stress imagers. The flexible MEMS bubble actuator
arrays have also been used with the flexible shear stress sensor ar-
rays for generating maneuvering forces in the wind tunnel for a
delta wing model and on UAV-type radio-controlled aircraft.
Index Terms—Macrofluidic control, turbulent boundary layer
(TBL) drag reduction, vortex shifting concept (VSC).
I. INTRODUCTION
AFTER a decade of intense research by the MEMS com-munity in designing and fabricating microdevices during
the 1990s, the result is the rapid growth of mature MEMS de-
vices used by application engineers today. In the field of aero-
dynamics, the goal has always been the manipulation of flu-
idic flows with the appropriated degree of spatial and temporal
resolutions required for performance enhancement. Since sen-
sors are naturally more capable of interfacing with machineries
across a large spectrum of length scales (from submicrons to
meters), the adoption of microfabrication for sensors have con-
sistently shown overwhelming technical and economical advan-
tages compared against almost all conventional sensor technolo-
gies. Hence, today’s dominant market shares of MEMS-based
sensors such as accelerometers (Analog Devices, Inc.) [1], mag-
netometers (Honeywell) [2], and pressure sensors (Measure-
ment Specialties, Inc.) [3]. However, the proliferation of MEMS
actuators is generally limited due to scaling issues. Typically, the
size of actuators needs to be within a few orders of magnitude of
the object being affected. More specifically, this is due to the ne-
cessity of momentum matching between the effector (actuator)
and the affected. Often times, MEMS actuators use the inher-
ently high speeds of actuation to trade against low actuator in-
ertia. The resulting MEMS actuators, in comparison with tradi-
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tional actuator technologies, are typically of higher performance
if the affected is inertia matched and adequate (or poorer) perfor-
mance when speed versus inertia tradeoffs are made. Therefore,
the two noticeable successful MEMS actuators are the inkjet
printers (Hewlett Packard) [4] and Digital Micromirror Device
projectors (Texas Instrument, Inc.) [5], since the affected are rel-
atively low-inertia ink droplets and color spectrum photons, re-
spectively.
As rationalized above, it may seem counter-intuitive to adopt
MEMS technology for macrofluidic control from the perspec-
tive of serious actuator mismatch with the physical phenom-
enon. The primer lies in the physics of specific fluidic condi-
tions rather than solely on the actuators. Microactuators can af-
fect macro effects under two circumstances: 1) if the interaction
effects are due to surface area or 2) if the actuation effects can
propagate into global structures. These two techniques are taken
to our advantage for macrofluidic control, namely the drag re-
duction in a turbulent boundary layer (TBL) and the aerody-
namic control of a delta wing using the vortex shift concept
(VSC).
II. TBL DRAG REDUCTION
A. TBL Characteristics
Near the surface of an aircraft, laminar boundary layers al-
most always develop into turbulent boundary layers. The tur-
bulent boundary layer flow is characterized by unsteady and
random flow velocity anywhere in the flow field in addition to
higher velocity gradient (surface shear stress) at the wall and
thicker boundary layers when compared with laminar flows.
The resulting effect on an aero vehicle is increased skin friction
coefficient in comparison to the laminar regions [6]. On the sur-
face of the aircraft under the TBL are the randomly distributed
high-speed streaks that have transverse length scales (along the
flow) on the order of hundreds of microns and life spans on the
order of few milliseconds [7]. While the exact mechanism on
the creation of these streaks is still hotly debated in the fluid
dynamics community, the generally accepted view is that such
vortex streaks are the biggest contributors to the rise in TBL skin
friction coefficient. In order to reduce this significant compo-
nent of surface drag, a high-response microactuator and the cor-
responding microsensors must be developed to match the length
scale and life span of the streaks. Fig. 1 shows the typical shear
streak corresponding to the rise in local shear stress level.
B. Microshear Stress Sensors for TBL
Based on the theories of fluid dynamics, all that is necessary
for knowing the forces on an aircraft (or, basically, any fluid dy-
namic body) are the pressure and surface shear stress distribu-
tion. However, unlike pressure sensors, shear stress sensors are
not common and usually not available commercially in terms
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Fig. 1. Typical surface streak detected with the MEMS shear stress sensor
array.
of submillimeter resolutions and kilohertz frequency responses
as required to match the detection requirements for the surface
streaks. Conventional transducers, such as Stanton [8], [9] and
Preston [10], [11] tubes, have low-frequency responses (tens to
hundreds of hertz) while being relatively large.
In terms of microshear stress sensor, there are basically
two major sensing methods. One is the direct mechanical
measurement of surface displacement of a tethered plate due to
shear while the other is indirect measurement through thermal
transport. Although there are numerous detection methods for
sensing the displacement on mechanical sensors (i.e., piezore-
sistive [12], [13], capacitive [14], [15], and optical [16]), the
common problem is the fact that such sensors have very small
gaps that separate the moving surface from the anchors making
it very prone to clogging by dust. Thus, for this project, the
indirect method of using thermal sensing is used. The surface
shear is sensed by the correlation between the convective heat
transfer and the surface flow velocities. Each sensor element is
simply a geometrically optimized doped-polysilicon filament
that is heated to temperatures above the ambient to facilitate
heat transfer (typical overheat ratios ranging from 10%–30%)
[17]. The doped polysilicon filament with its corresponding
negative temperature coefficient of resistance (TCR) allows the
attainment of significantly higher response bandwidth in com-
parison to the typical metal filaments of hot wire anemometry
(positive TCR). The filament then sits on top of a silicon nitride
membrane with a vacuum chamber underneath. This signifi-
cantly reduces the heat capacity surrounding the sensor relative
to the ambient air, creating a high shear stress sensitive sensor
[18] (typically 50 mV/Pa without amplification). The vacuum
chamber is not required if high sensitivity is not needed or for
operation in fluids with high heat capacities (i.e., under water).
Fig. 2(a) shows the schematic of a single element of the thermal
shear stress sensor. An array of such sensor elements is then
distributed on the silicon wafer to create shear stress imagers
[19]. Fig. 2(b) shows the MEMS shear stress imager with the
magnification of the single-sensor element. The imagine zone
is about 1 1 cm and contains over 100 shear stress sensors
or temperature sensors (including test sensors). Each element
area is about 250 250 m and the sensing hot “bridge” is
Fig. 2. (a) Schematic diagram of the thermal shear stress sensor element.
(b) Micrograph of the MEMS shear stress imager chip with over 80 sensors
and the corresponding single-element sensor.
a 150 3 0.5 m polysilicon wire. Theoretically, a much
finer resolution of 50 50- m element area is possible if
the interconnecting aluminum wires are more efficiently routed
or by using an on-chip CMOS circuitry to distribute power and
convert the signal into digital format.
One common concern with the MEMS surface shear stress
sensor developed for this project is the pressure sensitivity of
the sensor elements. Specifically, the sensor element of doped
polysilicon (piezoelectric) on top of a thin diaphragm closely
resembles a typical MEMS pressure sensor. This is a practical
concern that is application relevant. For example, the MEMS
shear stress sensor used for the TBL experiments would present
a problem if used in experiments with significant pressure vari-
ation (calibrations against pressure must be used). Thus, for un-
derwater applications, a change of sensor element geometries
in addition to the protective parylene overcoat is needed to re-
duce the pressure sensitivity [20]. Instead of such drastic design
changes, it may be easier to simply forgo the vacuum cavity
since liquid mediums have much higher thermal capacities that
will increase sensor sensitivity. This may be a more practical
tradeoff since, even with design changes, pressure sensitivity of
the sensor is merely reduced, but not eliminated. In terms of the
TBL experiment, pressure sensitivity should not be a concern.
It has been shown that the peak pressure fluctuation intensity of
the separating turbulent boundary layer is only a few percentage
of the dynamic pressure of the freestream [21]. In the TBL ex-
periment, the maximum freestream velocity tested at 17 m/s cor-
responds to 178 Pa of dynamic pressure. The maximum flap tip
velocity is only on the order of 0.01–0.1 m/s. Fig. 3 shows the
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Fig. 3. Pressure sensitivity of the MEMS shear stress sensor. Pressure measured relative to the ambient.
pressure dependence of five sensors from the same shear stress
sensor array used for the TBL experiments. Notice that the test
range is significantly greater than the maximum dynamic pres-
sure case. Also note that the positive pressure dependence is not
very consistent, as reported in [20], while the negative pressure
dependence is relatively large for the first 1000 Pa. In any event,
the typical peak shear stress reduction detected is in the order
of 0.2 Pa or higher (with 17 m/s freestream velocity), which
corresponds to 100-mV sensor output. Characterizations per-
formed by other fluid dynamic researchers such as Ruedi et al.
[22] have also noted a lack of significant pressure dependence
specific to this type of applications. For other characterizations
of the MEMS surface shear stress sensors, Österlund et al. [23]
should be consulted by interested readers.
C. Microballoon-Flap Actuators for TBL
It is fair to say that, even today large force, displacement,
and high-step response actuators of 10–100 mN, 100 m,
and 100 Hz, respectively, are hard to come by. The actuator
required for turbulent boundary layer drag reduction needs to
be no larger than a few millimeters in size and have step re-
sponse faster than 10 ms. Initially, magnetic [24], [25] (Fig. 4),
or electromagnetic [26] based, actuators were used. The mag-
netic flap consists of electroplated Ni Fe alloy hinged on
a torsion bar. The electromagnetic flap actuator replaced the
Ni Fe with patterned copper coils. In both cases, various ac-
tuator sizes on the order of millimeter dimensions were fabri-
cated and the actuation scheme involves the use of a permanent
magnet on the back side of the actuator. Both methods have very
significant drawbacks. The magnetic flap actuator cannot be ac-
tuated with high speeds due to the necessity of moving the per-
manent magnet to bring the corresponding actuation. The elec-
tromagnetic flap actuator can actuate at high speeds, but this is
only possible at the first-order actuator resonant frequency of
1.3 kHz to reach sufficient amplitudes of 100 m. Due to
the nature of the random distribution of the shear streaks, the
step response, not the resonant response, needs to match with
the streak life span.
The next actuator used is the microballoon actuator [27]. This
consists of a layer of spun on RTV silicone rubber with a pneu-
matic manifold underneath for pressurized air actuation. The
Fig. 4. Ni Fe , permalloy, magnetic flap. The electromagnetic flap version
is similar, except with the addition of patterned copper coils on the flap.
Fig. 5. Microballoon actuator actuation height versus drive pressure. 10-psi
actuation corresponds to 2-mm out-of-plane actuation.
actuator is simply the deformed shape of the silicone rubber
activated by pressurizing and decompressing via an off-board
miniature solenoid valve. The resulting microballoon actuator is
extremely large force ( 100 mN) and extremely high actuation
length ( 1 mm) but, unfortunately, low-step response ( 50 Hz)
due to the relatively large air displacement required for actua-
tion. Furthermore, this actuator did not yield results reported
by similar studies based on CFD. This is not at all surprising
since many CFD results in turbulent regime are not experimen-
tally verifiable due to the lack of physical mechanisms to repeat
the simulated scenarios. Fig. 5 shows the actuation height of the
balloon actuator versus the drive pressure. Notice at 10 psi, the
actuation height is about 2-mm out of plane.
The definitive actuator used is a flap-type actuator pneumat-
ically actuated by a silicone membrane underneath [28]. This is
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Fig. 6. Process flow of the microflap actuator. (a) Bare silicon wafer coated with silicon dioxide and silicone nitride. (b) Potassium hydroxide (KOH) etch step
is used to etch “mold” pits. (c) Silicone is filled in the large pit areas. (d) Wafer bonding with Epoxy glue filling the minor pit areas. (e) First top-side KOH wafer
thinning. (f) Bottom-side manifold opening and continuing KOH etch. (g) Flap shape defining with xenon diflouride (XeF ) gas etch and manifold breakthrough
etch to the silicone diaphragm.
Fig. 7. Definitive microballoon-flap actuator used for the TBL drag reduction
experiments. The flap dimensions are 1 3 mm.
basically a combination of both the flap-type actuator with the
microballoon actuator. The major difference is that the balloon
actuation provides the large force while the flap-type geome-
tries provide the necessary characteristics for turbulent streak
interactions. The response time is reduced by decreasing the
air displacement used for actuation. The resulting performance
is a 10-mN actuator with 10-ms square wave response,
100- m actuation height, and the ability to actuate and hold
at the actuation height on the same cycle. Fig. 6 shows the
process flow of the microballoon-flap actuator. Fig. 7 shows
the actual microballoon-flap actuator.
D. Turbulent Wind Tunnel Tests
Two MEMS shear stress imaging array and the microbal-
loon-flap actuator was then mounted in a two dimensional
turbulent wind tunnel (Fig. 8). The sensors are driven by a
constant temperature anemometry circuit with an overheat
ratio of 12%, which results in the sensor shear stress sensitivity
Fig. 8. TBL setup with the microballoon-flap actuator between two shear
stress imagers. The front array detects pre-actuation flow while the rear
(downstream) array detects the effect of the actuator.
of 500 mV/Pa (with 10 amplifier stage) and a frequency
response of 20 kHz. In addition, a single-sensor element on
each sensor array chip was driven at a lower overheat ratio
( 1%) in order to use it as the on-chip temperature sensor
for real-time temperature compensation. The dimension of the
microballoon-flap actuator used is a 3-mm-long (streamwise)
1-mm-wide rectangular beam, with a thickness of 40
m. Direct, visual measurements have shown that the flap can
achieve off-plane deflections of over 130 m at frequencies
up to 150 Hz, with a rise time of 2 ms and a fall time of
4 ms. Higher actuation frequencies can be achieved through
optimization of the pneumatic components.
The above components are integrated into a control system
by flush mounting two sensor arrays, upstream and down-
stream, from a flap actuator. Experiments are carried out
with the system installed onto the wall of a two-dimensional
turbulent wind tunnel. The orientation of the system is shown in
Fig. 8. At Re 10 k, corresponding to flow velocity of 10 m/s,
time-averaged shear stress reduction of 4% downstream of
the actuator has been achieved through constant flap actuation
at 100 m and 50 Hz, as shown in Fig. 9. Notice that the time
lag between the upstream sensor and the down stream sensor is
due to the convection time constant (the time it takes a shear
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Fig. 9. Ensemble averaged data of the shear stress imager both upstream and downstream of the balloon-flap actuators. Notice the significant dip in the shear
stress after the flap actuation. The corresponding actuation height is about 100 m.
streak to transport between the two imagers). Shear measure-
ments upstream of the actuator show no change. Furthermore,
in offline data processing, it has been found that the actuator
can interact with the streak structures and can reduce the peak
shear stress of a streak structure by an additional 0.2 Pa, or
about 50% more than the natural decay of streak. A detection
algorithm for application of real-time control is currently being
developed. For more detailed aspect of the TBL, please refer to
[28]. This is the first published result of the TBL experiment
data.
III. DELTA WING AIRCRAFT CONTROL
A. VSC
This part of the MEMS macrofluidics control project in-
volves demonstrating the concept of using small actuators (
micromillimeter scale) to provide large control forces for a
large-scale system ( meters/scale). It has been known that
the ensuing leading edge vortex flow is extremely sensitive
at the separation location of the free shear layer on a swept
aerodynamic planform. Contrary to sharp leading edges with
the natural boundary condition of separation at the sharp edges,
round leading edges have the genesis location of the free shear
layer as a complex curved line that runs along the leading
edge from the apex to the wing tip. Changing the surface
boundary condition in quasisteady state (i.e., expanding surface
curvature) near the separation line can cause a global change to
the developing vortex. Lee et al. [29] has compiled an excellent
comprehensive review on the topic of lift forces of delta wings.
Furthermore, it has been shown that instability effects can
also manipulate separated vortex flows. Ho et al. [30] has
shown that very small forcing amplitudes can control the
vortex structures downstream of the mixing layer if the correct
subharmonic perturbation of the most energetic frequency is
used to manipulate the spreading rate in the vortex evolution.
In general, delta wing leading edges create symmetric pairs of
primary and secondary vortices. The controlled separation of the
thin boundary layer at the synthesis location of the vortex pairs
on a delta wing aircraft will allow the manipulation of pressure
field about the aircraft. By using microactuators along the round
leading edges to create vortex shifts, a resulting loading change
about the aircraft would occur.
It was speculated from the beginning that the boundary layer
thickness would be the key to the flap/vortex interaction. There-
fore, the length scale of the microactuators needs to be on the
order of the boundary layer thickness. The boundary thickness
was estimated to be between hundreds of microns to 1–2 mm,
depending on the length scale of the aircraft and the Reynolds
number. Thus, it was hypothesized that the vortex shifting mech-
anisms with microactuators can be used to replace or supple-
ment conventional surfaces at high angles of attack where the
latter became ineffective due to trailing edge separation of the
potential flow.
B. Flexible Shear Stress Sensors for VSC
It was very clear since the onset of this project that a high
sensitivity and robust shear stress sensor is needed in order to
detect the sensitive location of the curved separation line. Earlier
actuator tests were done in a systematic fashion of eliciting the
control forces and moments. This fashion of blind open loop
actuation was extremely time consuming and ineffective. For
example, the largest rolling moment coefficient created by the
MEMS flap actuators similar to the Ni Fe actuator from the
TBL section was found to be only on the order of 0.001. The
availability of shear stress sensor quickly allowed the authors
to target the region near the separation line. Luckily, the rolling
moment coefficient was later found to be one order of magnitude
higher with the correct actuation location.
However, the sensor technology did not come easily. The first
MEMS thermal shear stress sensor as used in the TBL section
was fabricated on silicon substrates. The rigid substrate shear
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Fig. 10. Latest generation of flexible MEMS shear stress sensor array on Kapton PCB.
stress sensor is not a practical solution for the round leading
edge of a delta wing aircraft. Early experiments using rigid sil-
icon substrates required a relentless dedication to measure thou-
sands of leading edge locations by manually rotating and dis-
placing a single sensor along the leading edge radius.
A flexible “skin” solution must be achieved for realistic usage
on the curved surfaces of round leading edge delta wings. The
flexible skin MEMS shear stress sensor was indeed developed
specifically for this project [31], [32]. By using thin polyimide
films, a flexible membrane holding each shear stress sensor in
a faceted manner (silicon islands) was fabricated. There are
roughly four iterations of design for this flexible skin MEMS
shear stress sensor and is currently extremely mature. Fig. 10
shows the latest generation of flexible shear stress sensor and the
associated flexible Kapton PCB. After “ironing” on the flexible
MEMS shear stress skin to the PCB, the PCB is then wrapped on
a small section of the leading edge radius. This sensor array con-
tains 36 shear stress sensor elements coated with a thin layer of
silicon nitride for maximum robustness in harsh environments.
C. Flexible Microballoon Actuators for VSC
Initially, a mechanical actuator using 1-mil stainless steel
sheets was used to simulate the MEMS actuators [33], [34].
It should be noted that aerodynamically there is no difference
between the stainless steel actuator and flap-type MEMS
actuators. A servomotor was used to actuate the stainless steel
strips to actuator lengths of 1–5 mm. As with all the subsequent
experiments, a 1/2 diameter rod was used as the leading edge
of the “flat plate”-type wind tunnel model.
Next, the same Ni Fe permalloy magnetic flap actuator
design as with the TBL experiments was used. It is rather ob-
vious that the MEMS flap-type actuators will not be the solution
to this project. MEMS actuators in general has the capability
of producing 100 N [35], which is at least a few orders of
magnitude off from the requirement. Also, MEMS flap actua-
tors are not robust enough for high-speed flights at the leading
edge of aircraft wings. It has been demonstrated in the wind
tunnel that at speeds higher than 30 m/s, a large percentage of
Fig. 11. Flexible balloon actuator arrays mounted on the 1/2 diameter leading
edge of the wind tunnel delta wing model.
the MEMS leading edge flap actuators were stripped off by the
free stream. By making arrays of the bubble actuators (similar
to the single-bubble actuator used for the TBL experiments),
finally the MEMS actuator has started to show promise for re-
alistic applications on a real aircraft. The MEMS bubble actu-
ator arrays have gone through two to three generations. The first
generation used anisotropically-etched silicon substrates to pro-
vide the manifold for gas injection. This type of actuator was
designed for ease of fabrication on existing silicon wafer pro-
cesses. Fig. 4 shows the silicon substrate bubble actuators being
inflated at various pressures. However, the rigid substrate is not
a practical solution for adoption on aircraft surfaces. The current
MEMS balloon actuator is fabricated on metal substrate (brass
or copper). The 50-mil copper substrate used on the final version
allows a conformal surface to be covered by the flexible balloon
actuators. Fig. 11 shows the flexible metal substrate wrapped
around a 1/2 leading edge rod used for the wind tunnel model.
The bubble actuator technology on flexible metal substrate was
then selected as the definitive effectors for this project. Huang et
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Fig. 12. MEMS balloon actuator versus conventional ailerons on the same wind tunnel delta wing model. The length scale difference between the two is almost
two orders of magnitude.
Fig. 13. Conventional aileron actuator used in comparison against the MEMS
balloon actuators.
al. [36] described the entire history of the VSC with the authors
and detailed development from sensors and actuator develop-
ments to UAV-sized aircraft application and finally to transonic
flight tests with NASA Dryden’s F15B.
D. VSC Experiments
A comparison between the bubble actuators and conventional
aileron surfaces were performed. The conventional aileron used
(outer ailerons, half of the semi-span) has a chord of 19.4% of
the mean aerodynamic chord while the MEMS bubble actuator
is only 0.8% of the mean aerodynamic chord while the gener-
ated rolling moment coefficient is only 50% less and suffi-
cient for specific flight maneuverings at high angles of attack.
Fig. 12 shows the rolling moment comparison between these
two types of control surfaces. The aileron deflections used were
20 25 (Fig. 13). It should be noted that the MEMS bubble
actuators used were linear; this means that Fig. 12 may not show
the maximum possible by the bubble actuators since increasing
the spatial resolution of the actuators by segmenting apart the
arrays to adapt to the local flow characteristics may yield even
higher control forces. This is currently being pursued in con-
junction with unsteady delta wing motion in a wind tunnel.
IV. CONCLUSION
Finally, both the microsensors and actuators required for
macrofluidic control are now available, specifically for the use
of turbulent boundary layer drag reduction and vortex shifting
concept for controlling a full scale aircraft. Further research
in the applied fluid dynamics with these important tools will
yield significant advances in the art of fluid dynamic and
aerodynamic engineering in the near future. In terms of the
TBL drag reduction applications on a practical aero-vehicle, a
conformable actuator with flap geometries need to be invented.
Unfortunately, as noted before, the bubble actuator without the
flap edge was found to be ineffective for TBL control. Thus, the
flexible bubble actuator arrays cannot be used for TBL control.
Current work includes creating a patterned silicone membrane
to facilitate fabrication of the bubble-flap actuator on a flexible
substrate.
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